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We study the possibility of a heavy scalar or pseudoscalar in TeV-scale beyond the Stan-
dard Model scenarios being the inflaton of the early universe in light of the recent O(750)
GeV diphoton excess at the LHC. We consider a scenario in which the new scalar or pseu-
doscalar couples to the Standard Model gauge bosons at the loop level through new massive
Standard Model charged vectorlike fermions with or without dark fermions. We calculate
the renormalization group running of both the Standard Model and the new scalar couplings,
and present two different models that are perturbative and with a stabilized vacuum up to
near the Planck scale. Thus, the Standard Model Higgs and this possible new resonance
may still preserve the minimalist features of Higgs inflation.
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2I. INTRODUCTION
One of the recurrent lessons in physics is that simplicity beats complexity. While theoretical
reasonings (such as the hierarchy problem and naturalness) and observations (e.g., dark matter)
have motivated many beyond the Standard Model (BSM) scenarios, the search for new physics has
so far been elusive. One may wonder if we have seen the beginning of a desert in that the new
physics that completes the Standard Model (SM) only appears at higher energies currently not
within reach.
Very recently the CMS and ATLAS Collaboration have reported a roughly 3σ enhancement
in the γγ spectrum at O(750) GeV, based on the first ∼ 3/fb of data from run 2 of the LHC at
√
s = 13 TeV [1, 2]. This potential new resonance can be interpreted as either a spin-zero or a
spin-two particle, as the Laudau-Yang theorem states that an on-shell spin-one particle cannot
decay to diphoton. A spin-two particle would yield an interesting γγ distribution that is peaked in
the beam directions. The possibility that the candidate resonance is a KK graviton is not excluded
but is quite constrained by the run 1 data. For concreteness, we focus on the interpretation of
this candidate resonance as a spin-zero particle, which can be a scalar or a pseudoscalar. The 8
TeV run of the LHC did not report a signal, which hints at the possibility that the production
rate might have a steeper energy dependence. All these hints, taken together, suggest that this
new resonance couples to the SM gauge bosons including photons and gluons only through higher
dimensional operators. The resonance can be produced by gg → Φ → γγ though qq annihilation
can also contribute. Moreover, the ATLAS Collaboration has enough events to show a larger width
of the resonance, which suggests the presence of some other decay channels besides the diphoton.
Since there are no excesses shown in the other channels, one tempting explanation is that this new
resonance decays into the dark sector.
This possible excess has already sparked numerous theoretical explorations [3–7]. To explain
this potential new resonance, two prevailing ideas are as follows: (1) to stay within weakly coupled
theories and introduce vectorlike SM charged fermions, or (2) to invoke strong dynamics as in
composite Higgs models. While we maintain our healthy skepticism towards the reality of this
signal, we think it worthwhile to explore the cosmological implications of this potential new reso-
nance while awaiting further data from the LHC to either confirm or falsify its existence. Though
previous works [3–7] provide various explanations for the possible excess, the X(750) resonance
and the additional new particles are introduced without necessarily having a purpose. Here, we
would like to see, if we take Occam’s razor seriously, what correlated statements in cosmology can
3we make.
Inflation is the leading paradigm of early universe cosmology. An inflationary universe can be
realized with a scalar or pseudoscalar (known as the inflaton) with a sufficiently flat potential.
Moreover, this inflaton should couple to the SM fields somehow in order for reheating to occur. It
is in this minimalist spirit that Higgs inflation [8], in which the SM Higgs field was identified with
the inflation (with non-minimal coupling to gravity), was proposed. Here, we examine how the
new resonance, if confirmed, may alter this minimalist scenario. We focus on the weak coupling
explanation of the resonance, as it is challenging (if at all possible) to accommodate inflation
concretely with strongly coupled theories (see e.g., Refs.[9–11]). Moreover, a strongly coupled
sector typically comes with a plethora of particles, far from the minimalist approach we opt to
take. In the weakly coupled scenarios, the new resonance can be a candidate for the inflaton, while
the additional vectorlike SM charged fermions are necessarily there for the inflaton to reheat the
SM sector. In a sense, our scenario is a minimal model to accommodate the success of both the
SM and cosmic inflation, if the X(750) resonance is confirmed. We studied the perturbativity and
the stability of the SM vacuum in light of the new particles and the associated new couplings.
The paper is organized as follows. We discuss some general aspects of this new resonance
in Sec. II. We present some models with or without dark fermions and solve the corresponding
renormalization group (RG) equations in Sec. III. The parameter spaces of the initial conditions
that preserve perturbativity and vacuum stability of the models are presented. We conclude in Sec.
IV. For completeness, we also include in the appendix the complete RG equations for the models
explaining the X(750) resonance considered in [3].
II. GENERAL ASPECTS OF THE NEW RESONANCE
The CMS and ATLAS excess suggests a cross section:
σ(pp→ Φ)×BR(Φ→ γγ) & 2fb (1)
with the mass MΦ ≈ 750 GeV of a new spin-zero particle Φ. As discussed in the Introduction, we
consider the five-dimensional operators with a SM singlet scalar or pseudoscalar that couples to
the SM gauge bosons. For the scalar case, Φ = S, the effective couplings are given by
Leffective ⊃ S
4
(−gsγFµνFµν − gsγGµνGµν) , (2)
whereas for the pseudoscalar case, Φ = P , we have
Leffective ⊃ P
4
(−gpγFµνF˜µν − gpγGµνG˜µν) . (3)
4Here Gµν and Fµν are the Standard Model color SU(3)C and U(1)em field strength. The gluon
couplings account for the gluon-gluon fusion production of this new resonance, and the photon
couplings give rise to the dominant decay channels to diphoton. Notice here there are also likely
decay modes of S/P into dibosons (γZ, ZZ, WW) because the dimensional-5 operators with these
gauge fields are also allowed. Currently an excess does not show up in the other channels; therefore
they are constrained by the run 1 and 2 data [29].
It is well known that the new vectorlike fermion at the TeV scale can give rise to these effective
operators. In fact, such fermions also appear in BSM extensions that address other pressing
questions like flavor physics or dark matter issues [15, 16]. Let us introduce here Nψ vectorlike
fermions ψ = (ψL, ψR)
T in the 3- representation of the color SU(3)C and with an electromagnetic
charge Q. Their Yukawa couplings to S and the mass term are
L ⊃ −λSψψSψ¯ψ −Mψψ¯ψ . (4)
Here and in what follows we focus on the scalar case, Φ = S, for concreteness, but the results
for the pseudoscalar case should be qualitatively the same. We also assume suppressed Yukawa
couplings between vectorlike quarks and the SM fermions. By integrating out the heavy fermion
we arrive at the effective couplings:
gsg =
NψλSψψαs
3pi
√
2Mψ
, (5)
gsγ =
√
2NψλSψψQ
2α
piMψ
. (6)
The LHC measurement production times branching ratio is σ(pp → Φ) × BR(Φ → γγ) ∝
g2sgg
2
sγ/(8g
2
sg + g
2
sγ), with gsg/gsγ  1. Taking αs(TeV) ∼ 0.09 from PDG [17], we have(
2NψλSψψQ
2α
pi
1TeV
Mψ
)2
& 2
13000
. (7)
III. SPECIFIC MODELS OF THE NEW RESONANCE FOR PERTURBATIVITY AND
VACUUM STABILIZATION
In this section we explore models which are perturbative and stable up to near the Planck
scale, 1017GeV, while at the same time explaining the diphoton excess. As we have discussed, the
diphoton excess motivates the existence of a new spin-zero particle and new vectorlike massive
fermions with SM charges. The couplings of this sector at the electroweak scale is constrained
by Eq. (7). In addition, we here would like to include dark fermions which have no SM charges,
5suggested by a possibility that the dark matter sector couples to the new spin 0 particle. Our
matter content then includes the SM particles, the new scalar S, the new SM charged vector-like
fermions, and the dark fermions.
Let us summarize our notation for the couplings. First, the scalar potential is given by [30]
V = −µ2|H|2 + λ(|H|2)2 +m2S2 + λS
4!
S4 +
κ
2
|H|2S2 . (8)
We introduce Nψ vectorlike fermions ψ and ND dark fermions D [31]. We assume that the vectorlike
fermions are in the 3-representation of SU(3)C , and have an SU(2)L isospin Sψ and a hypercharge
Y . On the other hand, the dark fermions have no SM charges. Their Yukawa couplings to S are
denoted by λSψψ and λSDD, respectively. More explicitly, L ⊃ −λSψψSψ¯ψ − λSDDSD¯D. Their
RG equations are then given by
16pi2
dλS
dt
= 3λ2S + 12κ
2 + 24Nψ(2Sψ + 1)λ
2
Sψψλψ − 144(2Sψ + 1)Nψλ4Sψψ + 8NDλ2SDDλS − 48NDλ4SDD ,
16pi2
dλSψψ
dt
= (3 + 6Nψ(2Sψ + 1))λ
3
Sψψ − 8g23λSψψ − 6Y 2g2Y λSψψ − 6Sψ(Sψ + 1)g22λSψψ + 2NDλ2SDDλSψψ ,
16pi2
dλSDD
dt
= (3 + 2ND)λ
3
Sψψ + 6NT (2Sψ + 1)λSDDλ
2
Sψψ ,
16pi2
dg3
dt
= (SM part) +
2
3
Nψ(2Sψ + 1)g
3
3 ,
16pi2
dg2
dt
= (SM part) + 4Nψ
Sψ(Sψ + 1)(2Sψ + 1)
3
g32 ,
16pi2
dgY
dt
= (SM part) + 4Y 2Nψ(2Sψ + 1)g
3
Y ,
16pi2
dyt
dt
= (SM part) ,
16pi2
dλ
dt
= (SM part) +
1
2
κ2 ,
16pi2
dκ
dt
= κ
(
4κ+ 12λ+ λS + 6y
2
t + 12Nψ(2Sψ + 1)λ
2
Sψψ + 4NDλ
2
SDD −
3
2
g2Y −
9
2
g22
)
, (9)
where g3, g2, and gY are the gauge couplings for SU(3)C , SU(2)L, and U(1)Y , respectively. t = lnµ is
the renormalization scale, yt is the top Yukawa coupling and λ is the Higgs self-coupling. The calculation
here is based on [19]. The SM part and initial conditions can be found in, e.g. Ref. [20]. In the rest of this
section, based on the above RG equations, we investigate two types of models with (a) toplike vectorlike
fermions and dark fermions (b) vector-like fermions with exotic SM charges.
(a) Toplike vectorlike fermions and dark fermions:
Let us start with a model with NT vectorlike fermions T with (3,1,2/3) under SU(3)C×SU(2)L×U(1)Y
and ND dark Dirac fermions D. This class of models is given by ψ = T , ST = 0, and Y = 2/3 in the
previous RG equations. Note that these dark fermions can be the dark matter of the universe. They can
annihilate mainly through DD → S/P → gg in the early universe. Because in our case the dark fermion
masses are not constrained much from perturbativity and vacuum stabilization (as long as they are not far
from the O(TeV) range), we can easily achieve the correct relic abundance.
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FIG. 1. The blue and red regions are not perturbative and stable up to 1017GeV, respectively. In the
left(right) panel, we take MT = 1000GeV, λSDD = 0.3, ND = 1(2) and NT = 1.
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FIG. 2. Left panel: Same as Fig. 1, but taking λSDD = 0.6. Right panel: we take NT = 3 and λSDD = 0.
In Figs. 1 and 2, we show the region where this model becomes perturbative and stable up to 1017GeV
for NT = 1. The blue and red regions correspond to nonperturbative and unstable regions, respectively.
Unfortunately, we cannot find a region realizing Eq. (7), which requires λSψψ & O(1). Increasing λSDD and
ND makes the problem worse as in the right panel of Fig. 1 and the left panel of Fig. 2. The dark sector
can therefore be an obstruction to realizing a “desert” up to high scale generically. On the other hand, if we
increase the number of NT , the situation becomes better, because the constraint (7) on the Yukawa coupling
λSTT at the electroweak scale is relaxed. However, it is not sufficient to explain the diphoton signal, see the
right panel of Fig. 2.
(b) Exotic charge fermion:
The difficulty of the previous model comes from the necessity of large coupling for one toplike vectorlike
fermion. From Eq. (7), we see that we can take smaller λS by considering vectorlike fermion with a larger
charge. However, if the representation is too large, the gauge coupling hits the Landau pole far below the
Planck scale. By solving the one-loop renormalization group equation of the gauge couplings, the position
of the pole is
Λgi = Mψ exp
(
8pi2
bi
1
g2i (Mψ)
)
= Mψ
(
Mt
Mψ
)bi,SM/bi
exp
(
8pi2
bi
1
g2i (Mt)
)
, (10)
7(SU(3)C , SU(2)L, U(1)Y ) Qmax ΛgY [ GeV] Λg2 [ GeV ] σ ×BR > 2fb ΛλSψψ < 1017GeV
(3, 5, 0) 2 8.9× 1040 1.3× 105 λSψψ > 0.18
(
Mψ
700GeV
)
–
(3, 4, 1/2) 2 7.6× 1026 6.1× 107 λSψψ > 0.32
(
Mψ
700GeV
)
–
(3, 3, 1) 2 4.7× 1016 1.1× 1020 λSψψ > 0.35
(
Mψ
700GeV
)
–
(3, 2, 3/2) 2 2.1× 1013 – λSψψ > 0.35
(
Mψ
700GeV
)
–
(3, 1, 2) 2 1.8× 1014 – λSψψ > 0.44
(
Mψ
700GeV
)
–
(3, 3, 2/3) 5/3 1.8× 1024 1.1× 1020 λSψψ > 0.53
(
Mψ
700GeV
)
λSψψ < 0.75
(3, 2, 7/6) 5/3 3.4× 1017 – λSψψ > 0.54
(
Mψ
700GeV
)
λSψψ < 0.81
(3, 1, 5/3) 5/3 2.3× 1017 – λSψψ > 0.62
(
Mψ
700GeV
)
λSψψ < 1.02
TABLE I. The possible SU(2)L × U(1)Y charge. Qmax represents the maximum electromagnetic charge
among the multiplets. Only the particle with Qmax ≤ 5/3 can be perturbative up to 1017GeV. Here we take
Mψ = 700GeV.
σ(pp→S)×BR(S→γγ)=4fb
2fb
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FIG. 3. Left panel: The blue and red regions are not perturbative and stable up to 1017GeV, respectively.
The white region is allowed. We take κ = 0 and Mψ = 700GeV. Right panel: The running of scalar and
Yukawa couplings. All couplings are perturbative and stable up to 1017GeV.
where i = Y, 2, and bi,SM and bi are the coefficients of the beta function of gi in the SM and SM with an
exotic quark, respectively. We summarize the position of the pole in Table I, from which we can see that only
Q ≤ 5/3 is consistent with perturbativity up to 1017GeV. The position of the Landau pole of λSψψ, ΛλSψψ ,
is also shown. We note that ΛλSψψ is independent of κ and λS . Therefore, as simple successful examples,
we consider vectorlike fermions whose charges are (3,2,7/6) and (3,1,5/3) under SU(3)C ×SU(2)L×U(1)Y ,
and show that these models indeed explain the diphoton excess and can be valid up to near the Planck
scale. The mass bound on a charge 5/3 particle is about 900 GeV [21], if ψ mainly decays into top, while
the bound is 690GeV if the main decay mode is a light quark [22].
We plot the region excluded by perturbativity and stability up to 1017GeV, in Fig. 3 with Mψ = 700GeV,
Sψ = 2 and Y = 7/6. The inclusion of κ does not change the allowed region very much. It is found that
only a very small part in the white region has σ(pp→ S)×BR(S → γγ) ∼ 2fb. In Fig. 4, we also show the
8σ(pp→S)×BR(S→γγ)=4fb
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FIG. 4. Same as Fig. 3, but Sψ = 0, Y = 5/3.
viable region with Sψ = 0, Y = 5/3. Although the region is small, the consistent region survives.
IV. CONCLUSION
Motivated by the recent O(750) GeV diphoton excess at the LHC, we have studied the RG running in the
scenario where a new spin 0 particle couples to the SM gauge bosons at the loop level through new massive
SM charged vectorlike fermions. For both models with and without dark fermions, we have explicitly shown
that there exists a certain parameter range which accommodates the stability and perturbativity up to 1017
GeV. We illustrated two types of workable models with vectorlike fermions with exotic SM charges which
may explain the current diphoton excess at the same time. Our result thus suggests a possibility that, other
than the X(750) resonance and the associated vectorlike fermion in the O(TeV) range, there is a “desert”
up to near the Planck scale.
In the same spirit of Higgs inflation, it is natural to look for the inflaton among the two (pseudo)scalars,
i.e., the SM Higgs and the new spin-zero particle, of the minimal setups we proposed. In the standard Higgs
inflation, the action for the inflaton ϕ in the Jordan frame is given by
SJ '
∫
d4x
[
−M
2
Pl
2
R− ξϕ2R+ 1
2
(∂ϕ)2 − λinf
4
ϕ4
]
, (11)
which is characterized by the inflaton quartic coupling λinf and the nonminimal coupling ξ to the scalar
curvature. In the region |ξ|  1, however, the action in the Einstein frame is reduced to [32]
SE '
∫
d4x
[
−M
2
Pl
2
R+
1
2
(∂χ)2 − M
2
Pl
4
λinf
ξ2
(
1 + exp
(
− 2χ√
6MPl
))]
, (12)
which depends only on the ratio λinf/ξ
2. It can directly be related to the length of the inflationary period, so
that we have, e.g., ξ = 4.5×104√λinf for 60 e-folds. Since both the SM Higgs and the new spin-zero particle
may have the quartic coupling of the order . O(1), either can be used as the inflaton ϕ by introducing an
appropriate size of the nonminimal coupling ξ. The primordial tilt ns and the tensor-to-scalar ratio r are
the same as the standard Higgs inflation, ns ' 0.97 and r ' 0.0033 for the e-folding number N = 60, so they
9agree well with the current constraints by Planck [26] and BICEP2/Keck Array [27]. This is the conclusion
of this paper.
One important question to be investigated next is whether the inflaton is the SM Higgs or the new spin-
zero particle. The main differences between those particles are their couplings to the SM particles and the
dark fermions (if they exist). Such a difference may leave some interesting imprints, e.g., on the reheating
process and the dark matter abundance. Moreover, both scalar fields may play the role of the inflaton and
thus our setups naturally suggest a realization of multifield inflation. It would be interesting to explore this
possibility. The isocurvature remnants would be a key feature of this class of models and would be useful
to constrain details of the model such as the reheating process and the initial condition of the inflationary
trajectory [28][33]. Another interesting direction would be to embed inflation into other scenarios explaining
the current diphoton excess, such as models in which the new spin-zero particle is identified with a dilaton or
an axion. To explain the diphoton excess, the decay constant of the spin-zero particle is of the order of the
electroweak scale. At least naively, the dilaton would go into the strong coupling regime at the inflation scale.
An electroweak scale decay constant is also not suited for the simplest form of axion inflation. Therefore,
it is not easy to realize inflationary models such as dilaton inflation or axion inflation that explains the
diphoton excess simultaneously. However, it would be interesting to explore this direction further. We hope
to address these issues elsewhere.
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Appendix A: renormalization group equations for various models in [3]
For completeness, we here provide the RG equations for various models introduced in [3]. The models I
and II there may be embedded into our model in Sec. III, whose RG equations are given by Eq. (9). The
RG equations for the models III and IV are given below.
MODEL III [3]:
16pi2
dλΦ
dt
= 3λ2Φ + 12κ
2 − 144λ4SBB + 24λ2SBBλΦ − 288λ4SQQ + 48λ2SQQλΦ − 144λ4STT + 24λ2STTλΦ,
16pi2
dλSTT
dt
= 6λ2SBBλSTT + 12λ
2
SQQλSTT + 9λ
3
STT − 8g23λSTT −
8
3
g2Y λSTT ,
16pi2
dλSQQ
dt
= 6λ2SBBλSQQ + 15λ
3
SQQ + 6λSQQλ
2
STT − 8g23λSQQ −
9
2
g22λSQQ −
1
6
g2Y λSQQ,
16pi2
dλSBB
dt
= 9λ3SBB + 12λSBBλ
2
SQQ + 6λSBBλ
2
STT − 8g23λSBB −
2
3
g2Y λSBB ,
16pi2
dg3
dt
= (SM part) +
2
3
g33 +
4
3
g33 +
2
3
g33 ,
16pi2
dg2
dt
= (SM part) + 2g32 ,
16pi2
dgY
dt
= (SM part) +
16
9
g3Y +
1
9
g3Y +
2
9
g3Y ,
16pi2
dyt
dt
= (SM part)
16pi2
dλ
dt
= (SM part) +
1
2
κ2,
16pi2
dκ
dt
= κ
(
4κ+ 12λ+ λΦ + 6y
2
t + 12λ
2
STT + 24λ
2
SQQ + 12λ
2
SBB −
3
2
g2Y −
9
2
g22
)
. (A1)
MODEL IV [3]:
16pi2
dλΦ
dt
= 3λ2Φ + 12κ
2 − 144λ4SBB + 24λ2SBBλΦ − 48λ4SEE + 8λ2SEEλΦ
− 96λ4SLL + 16λ2SLLλΦ − 48λ4SNN + 8λ2SNNλΦ − 288λ4SQQ + 48λ2SQQλΦ − 144λ4STT + 24λ2STTλΦ,
16pi2
dλSTT
dt
= 6λ2SBBλSTT + 2λ
2
SEEλSTT + 4λ
2
SLLλSTT + 2λ
2
SNNλSTT
+ 12λ2SQQλSTT + 9λ
3
STT − 8g23λSTT −
8
3
g2Y λSTT ,
16pi2
dλSQQ
dt
= 6λ2SBBλSQQ + 2λ
2
SEEλSQQ + 4λ
2
SLLλSQQ + 2λ
2
SNNλSQQ
+ 15λ3SQQ + 6λSQQλ
2
STT − 8g23λSQQ −
9
2
g22λSQQ −
1
6
g2Y λSQQ,
16pi2
dλSBB
dt
= 9λ3SBB + 2λSBBλ
2
SEE + 4λSBBλ
2
SLL + 2λSBBλ
2
SNN + 12λSBBλ
2
SQQ
+ 6λSBBλ
2
STT − 8g23λSBB −
2
3
g2Y λSBB ,
16pi2
dλSLL
dt
= 6λ2SBBλSLL + 2λ
2
SEEλSLL + 7λ
3
SLL + 2λSLLλ
2
SNN + 12λSLLλ
2
SQQ
+ 6λSLLλ
2
STT −
9
2
g22λSLL −
3
2
g2Y λSLL,
16pi2
dλSEE
dt
= 6λ2SBBλSEE + 5λ
3
SEE + 4λSEEλ
2
SLL + 2λSEEλ
2
SNN + 12λSEEλ
2
SQQ + 6λSEEλ
2
STT − 6g2Y λSEE ,
11
16pi2
dλSNN
dt
= 6λ2SBBλSNN + 2λ
2
SEEλSNN + 4λ
2
SLLλSNN + 5λ
3
SNN + 12λSNNλ
2
SQQ + 6λSNNλ
2
STT ,
16pi2
dg3
dt
= (SM part) +
2
3
g33 +
4
3
g33 +
2
3
g33 ,
16pi2
dg2
dt
= (SM part) + 2g32 +
2
3
g32 ,
16pi2
dgY
dt
= (SM part) +
16
9
g3Y +
1
9
g3Y +
2
9
g3Y +
1
3
g3Y +
2
3
g3Y ,
16pi2
dyt
dt
= (SM part)
16pi2
dλ
dt
= (SM part) +
1
2
κ2,
16pi2
dκ
dt
= κ
(
4κ+ 12λ+ λΦ + 6y
2
t + 12λ
2
STT + 24λ
2
SQQ + 12λ
2
SBB + 8λ
2
SLL + 4λ
2
SEE + 4λ
2
SNN −
3
2
g2Y −
9
2
g22
)
.
(A2)
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